a Purpose: Sentence processing can be affected following a traumatic brain injury (TBI) due to linguistic or cognitive deficits. Language-related event-related potentials (ERPs), particularly the P600, have not been described in individuals with TBI history. Method: Four young adults with a history of closed head injury participated. Two had severe injuries, and 2 had mildmoderate injuries more than 24 months prior to testing. ERPs were recorded while participants read sentences designed to be grammatically correct or incorrect. Participants also completed cognitive and sentence comprehension measures. Results: One participant with TBI was significantly different than the control group on several behavioral sentence measures and 1 cognitive measure. However, none of the participants with TBI had a reliable P600 effect. Nonparametric bootstrapping indicated that the ERP was reliable in 10 control participants but no participants with TBI history. Conclusions: There were few behavioral differences between individuals with TBI history and the control group, though all reported subjective difficulty with reading. The P600 was absent in the TBI group in this study. Given the heterogeneity of individuals with TBI and the difficulty in assessing subtle language impairments, exploring the P600 further may provide useful insight into language processing difficulties.
Purpose: Sentence processing can be affected following a traumatic brain injury (TBI) due to linguistic or cognitive deficits. Language-related event-related potentials (ERPs), particularly the P600, have not been described in individuals with TBI history. Method: Four young adults with a history of closed head injury participated. Two had severe injuries, and 2 had mildmoderate injuries more than 24 months prior to testing. ERPs were recorded while participants read sentences designed to be grammatically correct or incorrect. Participants also completed cognitive and sentence comprehension measures. Results: One participant with TBI was significantly different than the control group on several behavioral sentence measures and 1 cognitive measure. However, none of the participants with TBI had a reliable P600 effect. Nonparametric bootstrapping indicated that the ERP was reliable in 10 control participants but no participants with TBI history. Conclusions: There were few behavioral differences between individuals with TBI history and the control group, though all reported subjective difficulty with reading. The P600 was absent in the TBI group in this study. Given the heterogeneity of individuals with TBI and the difficulty in assessing subtle language impairments, exploring the P600 further may provide useful insight into language processing difficulties.
T he use of event-related potentials (ERPs) to describe language processing deficits has been established by aphasia research (e.g., Dobel et al., 2001; Hagoort, Brown, & Swaab, 1996; Swaab, Brown, & Hagoort, 1997) . However, the purpose of this study was to use ERPs to describe language processing differences in individuals with less obvious or accepted language impairments: those with a history of traumatic brain injury (TBI) and no aphasia diagnosis. The use of ERPs to evaluate cognitive functioning of individuals with TBI has been established (e.g., Duncan et al., 2009; Lew et al., 2003) , but the P600 has not been explored in TBI survivors. This article reports the preliminary findings regarding the use of the P600 to identify and evaluate sentence processing difficulties in individuals with a history of TBI.
Test batteries for language in adults-most of which are designed to assess aphasia-do not adequately identify the more complex, sometimes subtle communication problems observed in TBI survivors whether or not such problems are attributable to cognitive impairments (Mcdonald, Togher, & Code, 2000) . Oral or written language impairments following TBI are often attributed to primary cognitive deficits, such as processing speed or executive function (Mcdonald et al., 2000) . The focus of this study is on measuring sentence processing and comprehension. On occasion, it has been argued that syntactic comprehension is generally preserved in TBI survivors (Angeleri et al., 2008; Cannizzaro & Coelho, 2002) ; however, a variety of studies have documented syntactic comprehension impairments mostly involving complex comprehension (ButlerHinz, Caplan, & Waters, 1990; Coelho, Liles, & Duffy, 1991; Hinchliffe, Murdoch, & Chenery, 1998; Nicholas & Brookshire, 1995) . Variability of findings is not surprising given the heterogeneity of deficits following TBI. Understanding sentence processing and comprehension in TBI survivors may contribute to a better understanding of more commonly reported impaired communication skills, such as discourse.
Behavioral performance may not capture subtle impairments that may be present following TBI, and oral or motor impairments may make results less reliable (Duncan, Summers, Perla, Coburn, & Mirsky, 2011; Mcdonald et al., 2000) . ERPs have the potential to provide a source of data that is more sensitive to language processing due to the relative independence from task performance. ERPs reflect changes in neural activity related to a specific internal or external stimulus or event, with or without a related task, as recorded over the scalp using electroencephalography (EEG). ERPs are averaged and time locked to specific stimuli. In patients with cognitive impairments following TBI, ERPs have been associated with deficits in memory and attention as well as with functional outcomes (Viggiano, 1996) . It is expected that deficits in language processing and functional language outcomes would also be associated with ERP differences, as has been established in other populations. However, according to a search of the literature, a language processing index-the P600-has not been measured in individuals with TBI.
A late-occurring positive component, the P600 is an ERP that has been associated with syntactic processing or syntactic integration difficulty (Hagoort & Brown, 2000; Kaan, Harris, Gibson, & Holcomb, 2000) . It is considered to index a relatively controlled, voluntary process of language comprehension (e.g., Hahne & Friederici, 1999) . The P600 typically has a medial centroparietal distribution, and it has a wide possible time window between 500 and 1000 ms following a target word presentation. The P600 appears to be largest in amplitude during comprehension tasks involving sentences with a grammatical error (e.g., Gunter, Wagner, & Friederici, 2003) , and it is readily observable during comprehension of complex and ambiguous sentences in healthy populations (Hagoort & Brown, 2000; Hahne & Friederici, 1999; Kaan et al., 2000) . Overall, sentence processing and related research suggest that the P600 may be an index of any voluntary and synchronized processes that follow the detection of a target that requires integration of knowledge (Frisch, Kotz, von Cramon, & Friederici, 2003; Osterhout & Hagoort, 1999; Osterhout, McKinnon, Bersick, & Corey, 1996) .
The P600 has not previously been measured in individuals with TBI history without aphasia. In this research, three main sources of information were used to make predictions about what might be observed in TBI survivors. First, the P600 in individuals with aphasia indicates that the P600 could be used to identify when sentences are not being fully processed by survivors of brain injury. Second, the P300 is considered to be related to the P600, but unlike the P600, the P300 has been widely observed in TBI survivors. Any P600 differences observed in TBI survivors may be similar to P300 differences. Last, behavioral sentence processing in TBI survivors sometimes has been observed to be different from that in control groups in specific tasks (e.g., Hinchliffe et al., 1998) .
The P600 has been observed to be different in individuals with Broca's aphasia compared with control groups (Wassenaar, Brown, & Hagoort, 2004; Wassenaar & Hagoort, 2007) . In response to subject-verb agreement violations, Wassenaar et al. (2004) found a reduced or absent P600 in individuals with Broca's aphasia. The degree of reduction was positively correlated to individual behavioral differences. A reduced P600 effect was found in a second study with individuals with Broca's aphasia in response to sentences with agreement violations that did or did not match a picture (Wassenaar & Hagoort, 2007) . In terms of behavior, the individuals with aphasia responded to mismatch prompts more slowly than the group with right hemisphere damage or the control group, but performance was better than the P600 reduction may have predicted. Wassenaar and Hagoort reasoned that individuals with aphasia were relying on a shallow semantic representation of the sentence or picture to make responses without fully processing the agreement violations. These findings suggest that the degree of reduction in the P600 could be related to the degree of behavioral impairment of sentence comprehension, but alternative strategies to tasks could mask processing impairments that are measured by the P600.
The P300 has been measured widely in TBI survivors and may be related to the P600 (Osterhout & Hagoort, 1999) . P300 changes have also correlated to functional outcomes (Lew, Poole, Castaneda, Salerno, & Gray, 2006) . In general, the amplitude of the P300 reflects the amount of neural activity required to process stimuli while also performing cognitive functions (Duncan et al., 2011; Lew et al., 2006) . In a review, Duncan et al. (2011) found that the majority of studies of the P300 found smaller ERP amplitudes, longer latencies, or both in individuals with TBI history. The lower amplitude of the P300 is interpreted as reflecting impaired organization of sensory information, and the delayed latency is taken to indicate slowed processing of incoming sensory information. Further, longer latencies and smaller amplitudes of the P300 are associated with TBI severity indices (for a summary, see Duncan et al., 2011) . Given the possible similarity between the P300 and the P600, these findings suggest similar possible patterns in the P600.
When studies measuring behavioral sentence comprehension have found impairments in individuals with TBI history, these impairments generally have been related to complex rather than simple tasks. For example, Hinchliffe et al. (1998) found no group differences between adults with TBI and a control group on the comprehension subtest of the Western Aphasia Battery (Kertesz, 1982) but did find group differences on an ambiguous sentence comprehension task from the Test of Language CompetenceExpanded (Wiig & Secord, 1989) . Likewise, Butler-Hinz et al. (1990) found that TBI survivors had poor accuracy of responses to sentences with noncanonical thematic role assignment, verbs assigned more than two thematic roles, and two or more verbs. There are many possible sources of reduced accuracy in complex tasks, including cognitive deficits, syntactic deficits, or motivational impairments. However, impairments in processing syntactic constructions would result in a P600 difference regardless of the source.
The purpose of this study was to explore whether the P600 differs in terms of mean amplitude, scalp distribution, and latency between individuals with TBI history and individuals with no significant neurological history. If syntactic anomalies are not identified as they occur, or if syntax is only shallowly processed as suggested by the aphasia research, the P600 may be missing in at least some participants with TBI. On the basis of what has been found in the P300 response and the sparse literature on sentence processing in TBI survivors, it was predicted that comprehension would be more difficult and slower in individuals with TBI due to general slowed processing and impairments of cognitive control resulting in a longer latency. If the difficulty of processing sentences reflects similar difficulties of organizing input as observed in the P300 literature with TBI survivors, the P600 would be expected to have a lower amplitude.
Method
Participants Twenty-one neurologically healthy control participants (five men, 16 women; average age = 21.9 years) from the Linguistics-Speech, Language, and Hearing Sciences database and the local community participated in the study. All undergraduate volunteers from the University of Florida received course credit for their participation, including those with a history of closed head injury. Five individuals with a history of closed head injury participated in the study, but one (aged 55 years) was excluded from these analyses due to the age difference compared with the other participants. Table 1 shows more details for each of the four participants with a history of brain injury. Three were undergraduates at the University of Florida, and one was a student at a nearby community college. Participants with TBI were at least 6 months postinjury and no longer exhibiting posttraumatic amnesia. None had a diagnosis of aphasia (Participant 1's medical history specifically ruled it out) or reported current significant impairments of reading. During an interview about medical history and symptoms, all participants with TBI history reported that schoolwork and reading generally seemed more difficult than they were prior to their injury. Only two of the four participants were hospitalized following their brain injury, so no detailed speech or cognitive recovery information was available for those who were never hospitalized. This study was approved by the University of Florida Institutional Review Board (number 585-2009) .
Individuals with a history of other neurological disorders (e.g., seizure disorder, stroke), attention-deficit/hyperactivity disorder, developmental learning or reading disability, or mobility impairment of the right hand or fingers were excluded from the study. All participants had normal or correctedto-normal vision. Table 2 shows the demographic information for the control group and each of the individuals with a history of TBI. There were no significant differences between any of the individuals with TBI history and the control group on the demographic variables using a modified t test ( p > .05 ; Crawford, Garthwaite, & Ryan, 2011) .
Participant 1 had 3 weeks of inpatient rehabilitation immediately following her injury, including speech therapy that somewhat targeted sentence comprehension. Records noted that she was nonverbal with moderate memory and attention deficits during the weeks following the injury. Cognition was not formally tested until discharge due to lack of vocalization. Speech therapy goals focused on increasing comprehension of simple sentences (e.g., listen to five-to eight-word sentences and make a one-to two-word response). It should be noted that in the early stages of recovery, difficulty with making appropriate responses was probably due to her recovery from coma and the related confusion noted in her chart. She made a rapid recovery during her 3-week inpatient stay according to the discharge report from the facility, which noted comprehension within normal limits, minimal impairment of speech and language expression, mild impairment of problem solving and attention, and moderate impairment of working and anterograde memory and learning on discharge. Her neuropsychology report also noted severely impaired verbal fluency on discharge and "variable" executive functioning. Participant 1 returned to school after 1 month of outpatient therapy and "home schooling" and reported continued difficulty with memory and learning. At the time of testing for this study, this participant was a university student with a 4.0 grade point average. She reported having accommodations (double the time and a quiet room) during testing and difficulty reading texts.
Participant 4 had inpatient and outpatient speech therapy with speech and cognitive goals, which were selfreported. Detailed medical records for therapy were unavailable, so information reported here was from notes the participant kept from therapy. She noted during an interview that she had continued difficulty understanding speech when taking notes but needed to take notes to remember appointments. Inpatient therapy notes indicated that her inpatient goals were to slow down because her speech was "too fast" and difficult to understand. She did not have comprehension goals. Her speech rate and intelligibility were within normal limits during conversation during phone interviews, in-person interview, and testing.
Cognitive Testing
Tasks looking at a variety of cognitive constructs were included in a short neuropsychological screening battery. The Attention Network Task (Fan, 2002) was also administered during EEG recording as part of a larger study and is not reported here. The Beck Depression Inventory (Beck, 1996) and the State Trait Anxiety Inventory (Speilberger, Gorusch, Lushene, Vagg, & Jacobs, 1983 ) are surveys that screen for depression and anxiety symptoms. Three control participants were referred to counseling services for depression screening scores over 9 but were not excluded from the study. Digit Span Forward and Digit Span Backward (Wechsler, 1997) tested working memory. Digit Span Forward and Digit Span Backward involve repeating sequences of digits of increasing length either verbatim or in reverse order. Shipley Vocabulary (Shipley, 1940) and the North American Adult Reading Test (NAART; Nelson, 1982) tested vocabulary. The Shipley is a multiplechoice paper-and-pencil test that asks participants to choose the best synonym for a given word. The NAART asks participants to read increasingly infrequent words aloud, with scores reflecting the accuracy of their pronunciation. We used the raw scores from the NAART to compare performance between individuals with TBI history and the control group. The Stroop Test (Golden, 1978) tests response Posttraumatic amnesia was resolved in all participants. This indicates whether posttraumatic amnesia was present following the injury. b n/a refers to not applicable. Speech therapy or Glasgow Coma Scores were either unadministered or medical records were unavailable.
inhibition and conflict resolution. This timed test involves first naming the color of the ink of printed Xs, then reading a series of color words (e.g., red ) printed in black ink, and finally naming the color of the ink of color words (e.g., saying green for the word red printed in green ink). The Wisconsin Card Sorting Task (WCST; Heaton, Chelune, Talley, Kay, & Curtiss, 1993) tests abstract problem solving, executive control, and set shifting. It involves sorting cards into stacks by simple rules that the participant must determine through correct/incorrect feedback from the experimenter. The rules change after the participant correctly sorts 10 in a row, requiring the participant to determine and shift to the new rule several times. Raw scores can track the number of errors before correctly determining the first rule and subsequent rules. Errors are reported as a percentage of total response. (The WCST manual refers to this score as measuring "conceptual efficiency.") The Trail Making Test (referred to as Trails; Reitan & Wolfson, 1995) tests cognitive flexibility and set shifting. Trails is divided into two timed subtests: Trails A and Trails B. During Trails A, participants draw a line connecting circled numbers in sequence from 1 to 25. In Trails B, participants draw a line connecting circled numbers and letters, alternating between each sequence (e.g., 1, A, 2, B, and so on). The increase in time taken to complete Trails B over the time taken to complete Trails A measures set shifting. The Digit Symbol task (Wechsler, 1997) tests processing speed and complex sustained attention. It involves copying symbols while timed and then writing down the symbol corresponding to a number using a legend (e.g., "^" might correspond to "2"). The Controlled Oral Word Association Test (Benton & Hamsher, 1989 ) tests verbal fluency. The participant names as many words as possible in 1 min that are animals and that begin with the letters F, A, and S.
Modified t tests (Crawford et al., 2011) were used to determine whether each individual with TBI history differed from the control group on cognitive tasks. Participant 2 performed significantly worse than the control group on the Digit Symbol task ( p < .05) and significantly better than the control group on the F-A-S task ( p < .05). Participant 3 had a significantly lower difference score on the Stroop task compared with the control group ( p < .05). There were no other significant differences on cognitive tasks between other participants with TBI history and the control group. Table 3 shows scores for the control group and the participants with TBI history on all of the tasks from the neuropsychological battery, including error scores on the WCST. There were no significant differences on any of the other WCST raw scores ( p > .05).
Experimental Sentence Comprehension Tasks

Summary
There were two computerized sentence tasks: A comprehension question task was completed without EEG recording with whole-sentence presentation, and a grammaticality judgment task was completed during EEG recording with rapid serial visual presentation (RSVP). RSVP involves showing participants sentences word by word and may alter sentence comprehension performance. The RSVP judgment task, therefore, was designed to give limited information about comprehension and to ensure greater attention to the sentences. RSVP allows for time locking the electrophysiological data to word presentation.
Materials
Each sentence comprehension task used sentences of the types described in Table 4 . Sentences were between 10 and 15 words long (M = 11.5) and were based on those used by Osterhout and Nicol (1999) . A total of 225 experimental and 225 filler sentences were developed; 150 of each were used during EEG recording in the RSVP task, Note. No significant differences were found between the control group and the participants with history of traumatic brain injury on any variable; p > .05 using modified t tests (Crawford et al., 2011) . Participant 3 did not attend college, so the College GPA is not applicable in the table (n/a).
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and 75 were used without EEG recording in the wholesentence task. Each experimental sentence was developed with three possible target verbs, as shown in Table 4 : semantically anomalous, syntactically anomalous, and nonanomalous. Semantic anomalies appeared to be grammatically appropriate to the sentence but violated selection restrictions (e.g., "The alibi would prevent" vs. "The alibi would consider"). Syntactic anomalies always involved a present participle form of the verb following a modal verb (e.g., "The alibi would preventing"). Nonanomalous sentences matched the anomalous sentences except for the critical target word and thus were the control stimuli for ERP comparisons to identify significant P600 effects. The critical words were matched for frequency (using Kucera & Francis, 1967) and letter length. Three lists were then made so that no single participant saw a sentence more than once. Each participant saw 50 of each type of sentence with RSVP during EEG recording and 25 of each type of sentence with whole-sentence presentation without EEG recording. Presentation of sentences was counterbalanced. Each filler sentence was the same average length as the experimental sentences. Fillers were developed from one verb and two nouns that were not previously used and had a frequency in the same average range as the experimental sentences.
During the whole-sentence task, participants answered comprehension questions that were designed to verify correct interpretation of the sentence (see Table 4 ). Half required a yes response. During the RSVP task, participants were Three participants were referred to counseling services for depression screening scores over 9; they were not excluded from the study. Errors are reported as a percentage of total response and are intended to indicate "conceptual efficiency." *p < .05; **p < .05. These scores are significantly better than control group scores. The cow walked through the pasture to eat the green grass near the fence.
Did the cow walk through the pasture?
Did the cow run through the pasture?
Note. The words in bold in each sentence represent the target words used in the analysis of event-related potentials. There were 75 experimental and 75 filler sentences in Task 1 (150 total) and 150 experimental and 150 filler sentences in Task 2 (300 total). a Comprehension questions were used only with the whole-sentence comprehension task.
prompted to indicate whether the sentence was "good." Half of the grammaticality judgments required a yes response.
Sentence Task 1 Procedures: Whole-Sentence Comprehension
Whole sentences were presented in random order using E-Prime (Schneider, Eschman, & Zuccolotto, 2002) and followed the RSVP sentences in order to avoid learning effects on the ERPs. Each trial began with a 1,000-ms blank screen with a centered fixation point. Sentences then appeared in their entirety above center in a light-colored font on a dark background. Sentences were shown for a minimum of 2,000 ms, after which the participant could press a button to continue. A comprehension question then appeared slightly below center and required a yes/no response using mouse buttons. Next, the message "Press a button for the next sentence" appeared, followed by the next trial. Accuracy and reaction time (RT) were collected.
Sentence Task 2 Procedures: RSVP Sentence Processing With EEG
The RSVP sentences were presented to participants in random order using E-Prime (Schneider et al., 2002) during EEG recording. After a 1,000-ms fixation, each word was presented in a light-colored font on a dark background. The rate of presentation varied depending on the number of letters in each word and was determined using the following equation: [249.9 × (16 × number of letters)] -10 ms. The words were centered and surrounded by a 2-pixel-thick border. Each word was followed by a 350-ms blank screen. A prompt ("'???") then appeared in the center of the screen until the participant responded yes (indicating that the sentence was good) or no with mouse buttons. Next, the message "Press any button to continue" appeared below center. Three breaks (15-s minimum) occurred every 75 sentences. Participants were instructed to decide whether or not sentences were good and that grammar was not the only criterion for whether a sentence was good. Participants were encouraged to focus on comprehending the whole sentence and to stay as relaxed as possible. Accuracy and RTs were collected from the goodness judgments but were intended primarily as a way to keep attention on the stimuli.
EEG Procedures
EEG was recorded from 64 scalp sites using a geodesical sensor net and an Electrical Geodesics (Eugene, OR) amplifier system (20,000 gain; nominal bandpass = 0.10-100.00 Hz). Electrode placements enabled the recording of vertical and horizontal eye movements reflecting electrooculographic activity. EEG was referenced to the central midline electrode (Cz) and digitized continuously at 250 Hz with a 16-bit analog-to-digital converter. A right posterior electrode approximately 2 in. behind the right mastoid served as common ground. Electrode impedance was maintained below 70 kΩ. The signal was monitored throughout recording.
EEG was processed offline using Net Station Waveform Tools (Electrical Geodesics). A 30-Hz low-pass finite impulse response filter was used with a passband gain of 99.0% (-0.1 dB), a stopband gain of 1% (-40.0 dB), and a roll-off of 0.29 Hz. Individual files were segmented into 1,700-ms windows around each target verb (200 ms pretarget; 1,500 ms posttarget) for sentence data. Segments were marked as bad if there were more than 10 bad channels, eye blinks, or eye movements. The bad channel threshold was maximum -minimum > 100.00 μV over the entire segment, with a moving average of 20 ms. The eye blink threshold was maximum -minimum > 100.0 μV, with a window size of 1,000 ms and a moving average of 20 samples. The eye movement threshold was maximum -minimum > 55.0 μV, with a window size of 1,700 ms for sentence data and a moving average of 20 samples. Bad channels were replaced with data interpolated from the remaining channels. The blink slope threshold ( μV/ms) was 14.0. This resulted in an average of 35% of the trials being excluded, evenly distributed across conditions and groups ( p > .05). Eye channels were then flattened because they had already been used to correct for eye movements. Individual segment averages were calculated from all the segments that were not rejected for each segment category (i.e., syntactic anomaly, semantic anomaly, nonanomalous control). Source files were handled separately, and participants were not averaged together at this stage. The data were digitally rereferenced to an average mastoid reference. Channels marked as bad during the artifact correct stage were excluded from the reference. The baseline interval was established as the 200 ms preceding each target stimulus. That is, the average of all the samples within the baseline interval was subtracted from every sample in the segment, establishing a new zero-voltage value.
Individual participant ERPs were extracted and averaged together in discrete temporal windows that coincided with the onset of each target stimulus. ERP averages were then calculated for each participant separately for nonanomalous control, semantically anomalous stimuli, and syntactically anomalous stimuli. Waveforms were visually inspected to confirm the time windows and general waveform shape. Mean amplitude and peak latency were then calculated for each individual during the 500-to 900-ms time windows for the P600 ERP component. This time window was determined on the basis of expected latency for the component and on visual inspection of the grand averaged waveforms. It was based on the grand average instead of individual averages because the P600 typically does not have a well-defined peak as do earlier, more sensory-based components. The N400 for semantic processing is not reported here.
ERP mean amplitudes and latencies were examined with separate 2 (group: control, TBI) × 3 (condition: nonanomalous, semantic anomaly, syntactic anomaly) × 3 (side: left, middle, right) × 2 (region: anterior, posterior) repeated measures analyses of variance (ANOVAs). A significant effect of condition, such that sentences with syntactic anomalies had a more positive mean amplitude than Key-DeLyria: Sentence Processing in Traumatic Brain Injury 765 nonanomalous control sentences in the 500-to 900-ms window, would confirm the presence of a P600 effect. Only accurate responses were considered for ERP analysis because the goodness judgments were intended to verify attention to the stimuli. Electrode regions and the respective electrodes were as follows: left anterior (13, 15, 16, 20) , middle anterior (3, 4, 8, 9, 58), right anterior (56, 57, 61, 62), left posterior (22, 24, 25, 28) , middle posterior (29, 30, 34, 38, 42) , and right posterior (46, 47, 50, 52; see Figure 1 ).
Bootstrap Analyses
Due to an unequal number of participants between groups and the heterogeneity of the TBI group, nonparametric bootstrap analyses were also conducted for each of the participants, following the ERP methodology of Di Nocera and Ferlazzo (2000) . A bootstrap forms a sampling distribution by resampling the raw data with replacement a large number of times for the statistic of interest. In this case, the statistic of interest was the difference between the means of the syntactic and the control trials. If the probability that a difference between the randomly resampled means equal to or greater than the observed difference between the means was less than .05, then the observed difference was classified as significant and reliable. Otherwise, it was classified as unreliable. The bootstrap does not replace conventional analysis or identify factors, but it does check for the presence of inconsistencies (Di Nocera & Ferlazzo, 2000) . To set up the analysis, the baseline-corrected and rereferenced waveforms within the time windows specified above were averaged for each of the six regions of interest and for each of the 75 trials in each condition. The null distribution from 10,000 resampled data sets was calculated for each region of interest for each participant with TBI history and each control participant. The upper fifth percentile point of this distribution served as the critical value for determining whether the observed mean difference was above this point and therefore reliable.
Results
Whole-Sentence Comprehension
Accuracy, RTs to accurate responses, and reading time of sentences were analyzed in separate repeated measures ANOVA using Greenhouse-Geisser corrections and weighted means due to unequal group sizes. Post hoc pairwise comparisons to significant effects were conducted using Bonferroni adjustments. There were no significant effects of anomaly type on accuracy ( p > .10). Prior to further analysis, RTs of inaccurate responses and RTs that were less than 200 ms, considered machine error, were removed. There was a significant main effect on RTs of condition, F(3, 48) = 8.15, p < .01, but not group, F(1, 16) = 0.03, p > .50. The interaction between condition and group was not significant. Post hoc comparisons of RT to comprehension questions about different sentence types revealed that all participants were significantly slower to respond to comprehension questions about semantically anomalous sentences versus nonanomalous control sentences ( p < .001) and slower to respond to comprehension questions about syntactically anomalous versus nonanomalous control sentences ( p = .025).
There was a significant main effect on sentence reading time of condition, F(3, 36) = 7.27, p < .01, but not of group. Post hoc comparisons revealed no significant differences between syntactically and semantically anomalous sentence reading times combined across groups ( p > .05), but syntactically anomalous sentences were read at a significantly slower rate than nonanomalous control sentences ( p < .05), and semantically anomalous sentences were read at a significantly slower rate than nonanomalous control sentences ( p < .01).
Due to the heterogeneity of the TBI group, modified t tests (Crawford et al., 2011) were used to compare each individual with TBI history to the control group on these measures. Participant 2 had significantly lower comprehension accuracy for nonanomalous control sentences and filler sentences compared with the control group ( p < .05). No significant differences were found in other participants. Figure 2 shows the individual averages for the participants with TBI history and the control group average.
RSVP Sentence Judgment
Accuracy and RTs to RSVP sentence judgments were analyzed in separate repeated measures ANOVA using Greenhouse-Geisser corrections and weighted means due to unequal group sizes. Only RTs for accurate responses were used in further analyses. There was a significant main effect of condition on accuracy, F(1, 46) = 27.25, p < .001. Accuracy on semantic anomalies was significantly worse than that on syntactic anomalies or nonanomalous controls ( p < .001). There was also a significant main effect of group on accuracy, F(1, 23) = 4.58, p < .05. The TBI group was significantly less accurate. The interaction between group and condition was not significant ( p > .05). Control group accuracy on RSVP semantic anomalies was not significantly different from chance on the basis of a one-sample t test (M = 0.59, t = 1.15, p = .264), but the TBI group's accuracy was significantly below chance (M = 0.22, t = -4.53, p < .01).
There was a significant main effect of condition, F(2, 46) = 9.87, p < .001, on RTs to goodness judgments of RSVP sentences. RTs to semantic anomalies were significantly slower than those to syntactic anomalies ( p < .01) and nonanomalous controls ( p < .05). RTs to syntactic anomalies were significantly faster than those to nonanomalous controls ( p < .01). There was not a significant interaction between group and condition ( p > .50).
Due to the heterogeneity of the TBI group, modified t tests (Crawford et al., 2011) were used to compare each individual with TBI history to the control group on these measures. Participant 2 was significantly less accurate than the control group on goodness judgments for nonanomalous control sentences ( p < .05). Participant 4 was significantly less accurate than the control group in goodness judgments for syntactically anomalous sentences (p < .01). Participant 2 was also significantly slower to respond to nonanomalous control sentences and syntactically anomalous sentences compared with the control group ( p < .05).
P600 Results
Target word-locked ERP waveforms for correct trials were included in individual and group averages. Visual inspection of grand averaged waveforms confirmed the time window for the P600. Visual inspection also indicated polarity difference between control and TBI groups in some regions of interest, most noticeably the left posterior. The syntactic anomaly response had a large positive effect in the control group but a shorter negative going response in Participants 1 and 3. These visual differences were not confirmed in the quantitative analyses. Figure 3 shows the topographic maps and plots for the control group. Individual topographic maps and plots for each participant with TBI history are available in the online supplemental materials (see Supplemental Figures 1, 2, 3, and 4) .
The 2 (group) × 3 (condition) × 3 (side) × 2 (region) repeated measures ANOVA for P600 mean amplitudes revealed no significant main effects of group, condition, side, or region. However, there were several significant interactions. There was a three-way interaction between condition, side, and group, F(4, 96) = 2.49, p < .05 (see Figure 4) . The control group showed larger amplitudes to syntactically anomalous targets across all three sides ( p < .05), whereas the TBI group showed lower amplitudes for syntactically anomalous targets only for left regions ( p < .05) and for semantically anomalous targets only for right regions ( p < .05). The control group also showed smaller amplitudes for nonanomalous and semantically anomalous targets for middle regions than for left or right regions ( p < .05). Anterior regions showed a linear trend of decreasing amplitude from nonanomalous controls to semantic anomalies to syntactic anomalies. Posterior regions had a different pattern, with syntactic anomalies having a larger amplitude than semantic anomalies or nonanomalous controls. This led to a significant interaction between condition and region, F(4, 96) = 9.64, p < .01. Last, there was a significant interaction between group, side, and region, F(2, 48) = 3.49, p < .05: Anterior sites showed the highest amplitudes on the right side in the control group and in the middle region in the TBI group, and the posterior sites showed the highest amplitudes in the left region in both groups. A 2 (group) × 3 (condition) × 3 (side) × 2 (region) repeated measures ANOVA for P600 mean latencies revealed a main effect of side, F(2, 48) = 3.72, p < .05, such that the middle and the right side had a later peak latency than the left side. The TBI group's latency was about the same across all three sides, but the control group had a later peak latency in the middle and on the right side than on the left side, reflected in a significant interaction between group and side, F(2, 48) = 5.10, p < .05. Nonanomalous stimuli had a later latency across anterior regions than across posterior regions, whereas syntactic anomalies showed the opposite effect, which is reflected in a significant interaction between condition and region, F(2, 48) = 5.70, p < .01.
Bootstrap Analyses Results
The bootstrap analyses results showed that 10 of the 21 control participants had a reliable P600 effect (i.e., mean difference between syntactically anomalous and control conditions) across all six regions. All reliable responses were in posterior regions, except for two reliable P600s in the middle and right anterior regions in one participant.
The bootstrap analysis for each of the participants with TBI did not find a reliable P600 effect in any individual. Figure 5 shows the syntactic-nonanomalous control amplitude contrast collapsed across side in the posterior regions.
The ANOVA results showed a significant condition effect in the control group across all three sides, with higher amplitudes posteriorly. The bootstrap yielded a similar picture. The ANOVA results also indicated that the TBI group had significantly lower amplitudes for syntactically anomalous targets in the left regions (which agrees with the observed polarity shift in the original visual inspection). However, there was no reliable P600 effect for any of the participants with TBI in the bootstrap analysis. The reliability of the effect does not necessarily reflect the size or value of the difference in the conditions. The lack of a reliable effect could be due to unknown factors, including strategy use variability or latency jitter (Di Nocera & Ferlazzo, 2000) .
Discussion
The hypotheses that some participants with TBI history would show a delayed P600 with a longer latency and Figure 3 . Grand average event-related potentials for the control group elicited by words that were either grammatically incorrect (red line) or correct (black line) with respect to the rest of the sentence. Event-related potentials are shown for each electrode examined (see Figure 1) . Note that positive polarity is up. The topographic maps in the lower portion display the scalp distribution of the P600 component. a reduced amplitude effect were partially supported. Latency did not differ between groups, which was unexpected given the prediction of slowed processing on the basis of the P300 literature in TBI. However, the prediction that there would be group differences in P600 amplitude was supported. The control group had a significant P600 amplitude effect, indicated by more positive amplitudes for syntactically anomalous sentences than for nonanomalous control sentences, especially in the three posterior regions. In contrast, the group with TBI history had an unexpectedly negative-going wave in response to syntactically anomalous sentences versus control sentences in the left regions. Visual inspection within the P600 window supported the presence of unexpected polarity differences in Participants 1 and 3 in the TBI group. Participant 2 also had a mean negative difference in the syntactic minus nonanomalous control amplitudes in posterior regions. However, no conditionrelated amplitude differences were confirmed to be reliable in the bootstrap analyses in these participants. Taken together, the group and bootstrap analyses suggest that the P600 effect was abnormal and possibly absent in the individuals with TBI in this study.
The lack of a typical P600 response in the individuals with TBI history suggests that they processed study sentences in a different way than the control group and that participants would have worse performance on the behavioral comprehension measures than they demonstrated. Differences in injury severity, speech and cognitive therapy history, and behavioral performance on the study sentence tasks between the four participants with TBI history suggested that some would demonstrate a P600 effect and some might have a reduced or absent effect. Only one of the four participants (Participant 2) had multiple behavioral differences from the control group, but none had a reliable P600 effect. Participant 2 was also not one of the two individuals with history of a severe injury, though he did have lower high school and college grade point averages than the other three participants with TBI history. His injury was sustained at age 13 years, which may have changed the trajectory of language development. Participant 4 made less accurate goodness judgments for syntactically anomalous sentences but was not different on other behavioral measures. Participants 1 and 3 also did not have reliable P600 responses but did not have any behavioral indicators of impaired sentence processing beyond informal self-reporting of more difficulty with reading and coursework.
The research of Wassenaar and colleagues (Wassenaar et al., 2004; Wassenaar & Hagoort, 2007) on the P600 in aphasia also found a reduced or absent effect compared with control participants, but in their study they found that the P600 effect reduction correlated with behavioral performance. However, consistent with our findings, they found behavioral performance to be better than the P600 would suggest, perhaps because the participants used a strategy to correctly complete the tasks that did not require deep linguistic processing. The lack of an apparent relationship between behavioral performance and the P600 effect in this study could be due to the fact that the comprehension task was not sensitive enough to behavioral changes. The clearer link in aphasia is likely due to a better understanding of how to behaviorally test sentence processing in that group. Further, there are fundamental differences between aphasia . Mean amplitude of the interaction between group × sentence condition × side in microvolts (collapsed over region; latency = 500-800 ms). The control group showed larger amplitudes to syntactically anomalous targets across all three sides, whereas the traumatic brain injury group showed lower amplitudes for syntactically anomalous targets only for left regions and for semantically anomalous targets only for right regions.
Key-DeLyria: Sentence Processing in Traumatic Brain Injury 769 that is due to a stroke and sometimes undiagnosed, subtle language differences that are due to a TBI. The brain injury is often more diffuse in TBI due to acceleration forces during head impact, and it is often not possible to identify a site of lesion in imaging studies if the injury is mild or restricted to white matter. Due to the often more diffuse damage, the source of language processing impairments is likely complex. Language impairments related to aphasia due to stroke are also complex but due to fundamentally different neural changes and more localized regions of brain injury.
The findings of this study support a more careful description of the P600 and related behavioral performance in TBI survivors. The difficulty with behavioral language testing in TBI survivors is one of the motivations in exploring language-related ERPs in this group. ERPs may provide insight into impairments that may affect daily life but are not apparent during behavioral testing, as was the case in this study. ERP differences could be used to justify further behavioral testing. Higher level language assessment in adults, in the absence of aphasia, is notoriously difficult. This is exemplified in the individual variability in behavioral performance on the sentence measures in this study and in the mixed results in previous studies (Angeleri et al., 2008; Butler-Hinz et al., 1990; Cannizzaro & Coelho, 2002; Coelho et al., 1991; Hinchliffe et al., 1998; Nicholas & Brookshire, 1995) . Further, many sources of linguistic or cognitive processing could affect sentence processing. For example, sentences could be processed more shallowly due to task demands, mode of presentation, or general cognitive deficits, such as slowed processing. The P600 is elicited with language stimuli, but it could be affected by a general cognitive deficit that also affects syntactic processing. Regardless of the underlying source of the difference in these individuals, the lack of the P600 in this study suggests (a) that processing sentences may be difficult or different in TBI survivors and (b) that further, more careful behavioral and electrophysiological exploration of sentence processing and comprehension in TBI survivors is justified.
The limited TBI group size prevented a more extensive exploration into the relationship among behavioral and electrophysiological variables and group membership. Despite this limitation, however, there were still differences between the individuals with TBI history and the control group in the P600, and two of the participants with TBI had limited behavioral differences compared with the control group. Future analyses should also take into account whether the P600 amplitude is associated with correct responses.
A second limitation of the sample used in this study was that nearly all of the participants in both groups were undergraduates, which prevents generalization of the results to a more varied group. On the other hand, the sample is appropriate to generalize to college students with TBI history, which is an understudied group that often needs support specific to the complex setting of college (Kennedy, Krause, & Turkstra, 2008; Krause & Richards, 2014) . Reading tasks are a particular challenge for student survivors of TBI-one of the groups most in need of further research on the effects of TBI on reading. The number of students surviving TBI, including mild TBI, is likely underreported; therefore, students are an interesting subgroup of the TBI population as a whole.
These results provide the first look into knowledge of the P600 related to sentence processing during reading in survivors of TBI. It was confirmed that the P600 was different in this group than in the control group, though the results are preliminary. The results also confirm that reading processes and impairments vary individually in the TBI population. This is perhaps unsurprising, but it does have important implications for understanding why some studies have concluded that lower level language processing -and syntactic processing in particular-is usually spared in TBI survivors (Angeleri et al., 2008; Cannizzaro & Coelho, 2002) , whereas others have found syntactic processing impairments (Butler-Hinz et al., 1990; Coelho et al., 1991; Hinchliffe et al., 1998; Nicholas & Brookshire, 1995) . High variability between individuals with TBI history makes generalization from small groups difficult. Further exploration of ERP components related to sentence processing in TBI may help to develop better identification tools for sentence processing impairments, which may be underidentified in this population due to the lack of assessment tools for subtle impairments in adults. The neural processes underlying syntactic processing may be affected by TBI, even in individuals without overt complaints of aphasia or reading impairments. This work provides the foundation for future work looking at the P600 in TBI and relating it to performance on linguistic and cognitive tasks.
